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Abstract 
The pulsating heat pipe, a serpentine tube of capillary dimension with many turns, has great impact on today’s successful thermal 
management. It is an ascending technology to satisfy present requirement of increasing thermal performance. Focusing 
on this, an experiment has been done on the open loop pulsating heat pipes (OLPHP) to observe their performance characteristics 
by using two types of working fluid by varying inclination angles. The experiment is performed on 2.5 mm inner diameter and 3 
mm outer diameter OLPHP with an insert of copper wire of 1 mm diameter and fins are added on the condensation section. This 
investigation is done using methanol and ethanol with 50% filling ratio in OLPHP with 8 loops. In this experiment the effects on 
the performance of using fins with insert with two different fluids (methanol and ethanol) and the variation of inclination angles 
are investigated. The results show that the performance characteristics in all the circumstances are better for setup with fin and 
insert than the normal setup. As higher thermal resistance indicates better performance, so we can say that setup with methanol 
performs better than ethanol. This performance is best at 45˚ inclination angle. It can be seen that, higher the inclination angle, 
better the performance and this performance is best at 45˚ inclination angle for this experiment. 
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Nomenclature 
R      thermal resistance, °C/W                                                 T     temperature along the heat pipe, °C 
ΔT    temperature drop along the device, °C                            Q     heat input, W 
L       length of heat pipe, cm                                                    D   diameter of heat pipe, mm 
IA     Inclination angle, °                                                          FR   filling ratio, % 
Subscripts 
th      thermal                                                                              e        evaporator section 
a       adiabatic section                                                                c       condenser section 
 
1. Introduction 
Recently there are advances in electronics design and manufacturing which are of small in size and shape. These 
have resulted in increases in heat flux density and increase in power requirements. The insatiable urge for ‘Going 
Nano’ does come with associated interdisciplinary technological problems. In recent years thermal management has 
become major issue for microelectronics. As these devices are small in shape and size they have less area for cooling 
system, to manage these type of problem i.e. thermal management of microelectronic devices there is a requirement 
of miniaturization of heat exchangers [1].  
Pulsating heat pipe (PHPs) is a novel passive 2-phase thermal control device first introduced by Akachi et al. [2]. 
PHPs consist of a capillary tube bent into several turns to form parallel passages. Reduced diameter is used here 
which are directly influenced by the selected working fluid. According to Zhang and Faghri [3] the vapour plugs 
generated by the evaporation of liquid push the liquid slugs toward the condensation section and this motion causes 
flow oscillations that guide device operation. Considering the sections of a PHP, it presents evaporation and a 
condensation section with an adiabatic section in the middle. There are two possible configurations for PHPs, being 
as an open loop and as a closed loop. In the open loop configuration, both ends of the tube is pinched off and 
welded. In the open loop PHP it is believed that a counter-current liquid-vapour flow occurs to promote proper 
device operations said by Riehl and R.R [4]. The pulsating action (plug/slug) is the motion force for the PHP, which 
is directly influenced by the inner tube diameter. The factors that influence the plug/slug formation in reduced 
diameters must be observed for this application, such as the correct working fluid selection, surface tension and 
shear stress effects, etc. Without this pumping action, the device will operate as a solid bar conducting heat from one 
end to another. Characterization of thermal performance in multi-loop PHPs has been reported in few experimental 
investigations done by Cai [5], Charoensawan et al. [6], Khandekar [7,8] and Meena et al [9]. Earlier, sensible heat 
transfer was thought of as the main reason of it which was shown by  Groll [10], Nisho et al. [11] and Shafi et al. 
[12]. 
 
The present investigation is done on an open loop closed end bendy heat pipe which is shown in fig-1. Formation 
and transportation of bubbles is the main theme of heat transfer. Heating of the fluid in the evaporator section forms 
bubbles which moves to the condenser section, where it is cooled. Then it comes back to the evaporator section 
again to receive heat. The condenser section is placed above the evaporator section to allow the liquid’s downward 
flow due to gravity.  
 
In this investigation, the effect of use of fin in the condensation section and a copper insert inside the OLPHP is 
investigated. Fins in the condensation section helps increase the heat transfer rate while insert helps to break the 
bubbles and thus decrease the effect of internal friction. Insert in PHP is a new concept. In this study, using two 
types of working fluid same and changing the inclination angles, the efficiency of an OLPHP is investigated and 
compared with the basic OLPHP. 
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2. Design and construction 
 
The three basic components of a heat pipe are the container, working fluid and the wick or capillary structure. The function of 
the container is to isolate the working fluid from the outside environment. It has to therefore be leak-proof, maintain the pressure 
differential across its walls, and enable transfer of heat to take place from and into the working fluid. Prime requirements of 
working fluid are compatibility with wick structure, thermal stability, high latent heat and thermal conductivity, low viscosity etc. 
The prime purpose of the wick is to generate capillary pressure to transport the working fluid from the condenser to the 
evaporator. The schematic diagram of the OLPHP used in this experiment is shown in fig.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
             120 mm 
             
 
 
 
 
 
 
 
 
    
(a)       (b) 
Fig.1: Schematic diagram of OLPHP: (a) basic structure; (b) with fin and insert 
2.1. PHP design 
 
The cooling device performance depends on its structure, shape, material and length. Thermal performance of any device 
vastly depends on a parameter known as thermal resistance. Thermal resistance can be defined as: 
Rth= 
ο୘
୕        (1) 
 
More accurately, the thermal resistance equation can be written as: 
 Rth =
ሺ୘ፃୣȂӯ୘ፃୡሻ
୕        (2) 
where, T͞e and T͞e   are the average evaporator and condenser surface temperatures, defined as, 
 
T͞i = 
ሺǡͳ൅ǡʹ൅ǡ͵ሻ
ଷ    i= e or c      (3) 
Q is heat input power to the PHP, which is transported from evaporator to condenser.  
 
The overall thermal resistance of a pulsating heat pipe composed of several components from evaporator to condenser. Best 
evaporation resistance is achieved due to the liquid film evaporation enhancement in the channel angles and best bubble rise in 
that case. For the same reason, a similar range for the heat transfer coefficient in the condensation region can be applied. Liquid 
vapor thermal resistance along the PHP is influenced by number of turns, inclination angle, filling ratio, area of PHP etc. 
Generally PHPs should introduce small contact resistances. Usually in power electronics, contact thermal resistances appear 
between the power module and the cooling device, heat sink or heat exchanger due to the surface roughness 
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3. Experimental setup and procedure 
 
3.1. Experimental setup 
 
The experimental setup is shown in Fig.2. It consists of a bendy heat pipe (Di: 2.5mm, Do: 3mm, L: 250cm, 
material: copper), creating a total of 8 loops. The heat pipe is divided into 3 regions- the evaporator (5 cm), adiabatic 
section (12 cm) and the condenser (8 cm).9 thermocouples (Type LM-35); range: (-40°C to +120°C) are attached to 
the wall of heat pipe; 3 for each sections. These are compatible with the digital thermometer used in temperature 
measurement. The evaporator section is inside a wooden box, separated from outside using mica tape, asbestos etc. 
The evaporative  section is heated using Nichrome wire (diameter = 0.25 mm, resistivity: 1.0 × 10-6 Ω-m, specific 
heat: 450 Jkg-1K-1) coiled around the loops, which is heated by a power supply unit (AC, 220V, 50Hz) via a variac 
(3F, 300V,60 Hz). For cooling the working fluid, forced convection is applied by a using an ID fan. The whole 
apparatus is set on a wooden stand which has facility of angular movement of the PHP. A servo motor (Modulation: 
Analog, Speed: 0.20 sec/60°, Weight: 55.0 g; Dimensions: Length: 40.6 mm, Width: 19.8 mm, Height: 42.9 mm; 
Motor Type: Coreless, Gear Type: Metal, Rotation/Support: Dual Bearings, Rotational Range:180°, Pulse Cycle:20 
ms, Pulse Width:1000-2000 μs) is attached to allow automatic angular movements. For data collection Arduino 
Mega (Microcontroller: ATmega1280, Operating Voltage: 5V, Input Voltage (recommended): 7-12V, Analog  Input 
Pins: 16) is used. 
 
          Fan 
          
         LM 35 sensor 
          
 
         Pulsating heat pipe 
 
 
          
Bread board 
          
         Variac 
          
Arduino Mega 
 
Fig.2: Experimental setup 
 
3.2. Experimental procedure 
 
x The experiment is carried out for basic open loop pulsating heat pipe and open loop pulsating heat pipe with 
insert and fins in condenser section.  
x The experiment is performed for methanol and ethanol as working fluids and three different angular 
orientations of the heat pipe. 
x Filling ratio for all the cases is 50% (injecting by syringe) and vertical (0°) position of the PHP is considered 
as the base of the other inclination angles. 
x Heat inputs were varied using the variac and provided to the system. The reading of the temperatures of 
different sections was measured by thermocouples. 
x The experimental data are stored in the computer directly using Arduino software. 
x Data were recorded after every 2seconds. 200 sets of data were recorded for every requirement. 
x Then the position is changed to 30°and 45˚ positions and keeping the filling ratio the same, above procedure 
is repeated. 
x The condensation section is cooled using an ID cooling fan. 
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4. Results and discussion 
 
The experiments being carried out for methanol with three different angular orientations of the heat pipe provide a similar 
trend of thermal characteristics. In this research, the value of thermal resistance is considered as an indication of efficiency, i.e. 
higher value of Rth refers to higher difference of temperature between evaporator and condenser section and eventually indicates 
a higher efficiency of the system. 
 
4.1. Effect of fin and insert 
 
4.1.1. Characteristics of temperature distribution 
 
The curves presented in Fig.3, which shows the temperature vs. time characteristics curve for 0˚ inclination of the 
OLPHP without fin and insert and OLPHP with fin and insert exhibits a similar pattern for all the experimental 
conditions. For fin and insert, the temperature rises quite uniformly and the rate of temperature rise is higher than 
original structure. The temperature difference between the evaporator and the condensation section is greater for 
structure with fin and insert than for the basic structure. Fig.3 shows the comparison between the variations in the 
setup for condensation and evaporation section temperatures for methanol and Fig.4 shows the same for ethanol.  
This is same for all the temperature data; i.e. for evaporator, condenser and adiabatic section. But, certainly, the rate 
of increase is higher for evaporator section than for condenser section. Slowing down of the temperature increase in 
the condenser section can be attributed to the fact that, at some point of time, it becomes close to the room 
temperature. Therefore further cooling is then not needed..  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          Fig.3: Variation of temperature with time (for methanol)  Fig.4: Variation of temperature with time (for ethanol) 
 
4.1.2. Effect of inclination 
 
The effect of heat flux in vertical orientation has been experimentally noted down by Tong et al. [13] and 
Khandekar et al. [14]. In vertical mode the vapor bubbles which take up heat in the evaporator grow in size. Their 
own buoyancy helps them to rise up in the tube section. Simultaneously other bubbles, which are above in the tube, 
are also helped by their respective buoyant forces. Comparative analysis of inclination using temperature vs. time 
curves for 0˚, 30˚ and 45° inclinations respectively for structures with fin and insert with methanol as working fluid 
is shown in Fig.5 for evaporator section and condenser section while the same kind is shown for ethanol in Fig.6. 
For all the experimental cases, the curves at first increase rapidly with heat input and then the rate of increase 
becomes slow to some extent. Temperature distribution along the heat pipes can be summarized to be in somewhat 
exponential pattern for evaporator section. This strongly suggests that gravity does play a role in the PHP. At 45° 
inclination, open loop PHP performs better than other position. Effect of gravity, pressure differential in the system, 
temperature may have influence in this fact. If we compare the results of ethanol and methanol then we can see that 
ethanol performs better than methanol.  
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Fig.5: Variation of temperature with time & to inclination         Fig.6: Variation of temperature with time & to inclination 
(for methanol) (for ethanol) 
 
4.1.3. Variation of thermal resistance 
 
Thermal resistance is considered in this paper as an indicator of heat pipe effectiveness. It indicates how much 
resistance does heat experiences in the system; so that the condenser region temperature cannot rise very high, and 
the system thus seems to be effective in cooling purpose. The curves of thermal resistance are of similar pattern for 
all the cases. They are maximum at minimum heat input and minimum at maximum heat input; i.e. thermal 
resistance has an inverse relationship with heat input. These curves follow an exponential pattern, and a typical 
graph is shown in Fig.7, which is taken from the data set of 0°, 30° and 45° inclination of the basic structure with 
methanol. But, the fall of thermal resistance is not of the same rate for all cases, it varies up to some extent. The 
thermal resistance, Rth falls slowly in the inclined mode. In the range of 0° to 30° the slopes are quite similar but in 
the case of 45° it is more effective. In the case of OLPHP with fin and insert this curve is steeper for 45˚ degree 
inclination and after a certain range of heat input it becomes nearly constant for all the cases. Fig.8 shows the same 
graph for structure with fin and insert with methanol as working fluid. Here we can see that the curve for 45˚ is 
steeper than other two angles and also steeper than the basic structure’s 45˚ curve. Again for ethanol, we can see that 
the curves are quite similar but here too 45˚ inclination shows the best result. So, we can say that with highly heated 
appliances, heat pipe efficiency will fall down. But yet, this fall can be controlled with proper designing, which 
includes appropriate working fluid, filling ratio and inclination angle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7:  Variation of thermal resistance with heat input         Fig.8: Variation of thermal resistance with heat input 
 (without fin and insert for methanol)    (with fin and insert for methanol) 
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Fig.9: Variation of thermal resistance with heat input (with fin and insert for ethanol) 
 
5. Conclusion 
 
Pulsating heat pipe is gaining more and more popularity due to their simple design, cost effectiveness and 
excellent thermal performance. The work compiled here significantly increases the understanding of the phenomena, 
effect of working fluids and inclination angles that govern the thermal performance of pulsating heat pipes.  
The following conclusions can be drawn from this experiment: 
 
x Methanol is found to be the better working fluid compared to ethanol. Though ethanol has higher boiling 
point than methanol but methanol has higher specific gravity than ethanol. So here the specific gravity 
might have dominated the boiling point. 
x It is suggested that the PHP should be operated at 45 degree orientation for its better thermal performance. 
The results helps us to conclude that the higher the inclination angle, the better the performance. 
x The thermal resistance decreases with the increase of the heating power. The thermal resistance decreases 
more slowly after 40W but the rate of decrease is higher for Q less than 40W. 
x The effect of pressure, bubble formation and phase transfer is very important in design of heat pipes. 
Different heat input to these devices give rise to different flow patterns inside the tubes. 
x The use of insert helped to break the bubbles into smaller portions. This in turn is responsible for various 
heat transfer characteristics 
 
The study strongly indicates that design of these devices should aim at thermo-mechanical boundary conditions 
which resulting convective flow boiling conditions in the evaporator leading to higher local heat transfer co-
efficient. The inclination operating angle changes the internal flow patterns thereby resulting in different 
performance levels. Most satisfactory pattern of design may vary up to some extent from case to case. Many 
unsolved issues related to working fluids, design and inclination angle still exist, but continued exploration should 
be able to overcome these challenges. Many practical and sophisticated mathematical models of the PHPs are 
expected to be proposed for theoretical analysis. 
Acknowledgements 
The authors express their earnest gratitude to the Department of Mechanical Engineering, MIST and Department 
of Mechanical Engineering, BUET for providing necessary support for the accomplishment of  this research. 
 
References 
 
[1]  Moore.G, Cramming More components onto Integerated Circuits, Electronics, 1965 38(8).  
[2]  Akachi, H., Polášek F., Štulc P., “Pulsating Heat Pipes”, Proceedings of the 5th International Heat Pipe Symposium, 1996, pp.208-217, 
Melbourne Australia. 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0 20 40 60 80 100
Th
er
m
al
  r
es
ist
an
ce
,  
R 
(˚C
/W
) 
Heat input, Q 
0 degree
30 degree
45 degree
112   M. Lutfor Rahman et al. /  Procedia Engineering  105 ( 2015 )  105 – 112 
[3] Zhang, Y., Faghri, A., “Heat Transfer in a Pulsating Heat pipe with an Open End”, International Journal of Heat and Mass Transfer, Vol. 
45, 2002, pp. 755-764. 
[4]  Riehl, R. R., “Evaluation of the Thermal-Hydro- Dynamics Behavior of an Open Loop Pulsating Heat Pipe”, National Institute for Space   
Research (INPE) Report, 2003, 35p. 
[5]  Cai, Q., Chung-lung Chen, Julie F. Asfia, “Operating Characteristic Investigations in Pulsating Heat Pipe”, journal of heat transfer, vol. 
128, 2006, pp.1329-1334. 
[6]  Charoensawan, P., Khandekar, S., Groll, M. and Terdtoon, P. “Closed loop pulsating heat pipes”, part-A; Parametric experimental 
investigations”, Applied Thermal engineering, Vol.23, No.6, 2001, pp. 2009-2020. 
[7]  Khandekar, S., “Multiple Quasi- Steady States in a Closed Loop Pulsating Heat Pipe”, NTUS-IITK 2nd joint workshop in mechanical, 
Aerospace and Industrial Engineering, April 5-6, 2008, IIT, Kanpur, India. 
[8]  Khandekar, S., “Thermo Hydrodynamics of Pulsating Heat Pipes”, Ph.D Dissertation, University of Stuttgart, Germany, 2004. 
[9] Meena, P., Rittidech, S., Tammasaeng, P, “Effect of inner Diameter and inclination angles on operation limit of closed-loop Oscillating heat 
pipes with check valves”, American journal of Applied Sciences, Vol. 1, No.2, 2008, pp. 100-103. 
[10] Groll, M., Khandekar, S., 2002. Pulsating heat pipes: a challenge and still unsolved problem in heat pipe science, Applied Thermal 
Engineering 23 (4), p. 17–28. 
[11] Nishio, S., Nagata, S., Baba, S. and Shirakashi R., 2002. “Thermal performance of SEMOS heat pipes,” Proceedings of 12th International 
Heat Transfer Conference, Grenoble, France,  pp. 477–482. 
[12] Shafii, M., Faghri, A. and Zhang, Y., 2001. Thermal Modeling of Unlooped and Looped Pulsating Heat Pipes, ASME Journal on Heat 
Transfer 23, p. 1159–1172. 
[13]  Tong, B., Wong, T. and Ooi, K., 2001. Closed-Loop Pulsating Heat Pipe, Applied Thermal Engineering 21(18), p. 1845–1862. 
[14] Khandekar, S., Groll, M., Charoensawan, P. and Terdtoon, P., 2002. “Pulsating heat pipes: thermo-fluidic characteristics and comparative 
study with single phase thermosyphon, ” Proceedings of the 12th International Heat Transfer Conference. Grenoble, France,  p.459–464. 
